terated water method is used extensively to measure gluconeogenesis in humans. This method assumes negligible exchange of the lower three carbons of fructose 6-phsophate via transaldolase exchange since this exchange will result in enrichment of carbon 5 of glucose in the absence of net gluconeogenesis. The present studies tested this assumption.
Basu R, Barosa C, Basu A, Pattan V, Saad A, Jones J, Rizza R. Transaldolase exchange and its effects on measurements of gluconeogenesis in humans. Am J Physiol Endocrinol Metab 300: E296-E303, 2011. First published November 9, 2010; doi:10.1152/ajpendo.00403.2010.-The deuterated water method is used extensively to measure gluconeogenesis in humans. This method assumes negligible exchange of the lower three carbons of fructose 6-phsophate via transaldolase exchange since this exchange will result in enrichment of carbon 5 of glucose in the absence of net gluconeogenesis. The present studies tested this assumption.
2 H2O and acetaminophen were ingested and [1- 13 C]acetate infused in 11 nondiabetic subjects after a 16-h fast. Plasma and urinary glucuronide enrichments were measured using nuclear magnetic resonance spectroscopy before and during a 0.35 mU·kg FFM Ϫ1 ·min Ϫ1 insulin infusion. Rates of endogenous glucose production measured with [3- 3 H]-and [6,6-2 H2]glucose did not differ either before (14.0 Ϯ 0.7 vs. 13.8 Ϯ 0.7 mol·kg Ϫ1 ·min Ϫ1 ) or during the clamp (10.4 Ϯ 0.9 vs. 10.9 Ϯ 0.7 mol·kg Ϫ1 ·min Ϫ1 ), consistent with equilibration and quantitative removal of tritium during triose isomerase exchange. Plasma [3- 13 C] glucose-to-[4- 13 C]glucose and urinary [3- 13 C] glucuronide-to-[4-13 C]glucuronide ratios were Ͻ1.0 (P Ͻ 0.001) in all subjects both before (0.66 Ϯ 0.04 and 0.60 Ϯ 0.04) and during (059 Ϯ 0.05 and 0.56 Ϯ 0.06) the insulin infusion, respectively, indicating that ϳ35-45% of the labeling of the 5th carbon of glucose by deuterium was due to transaldolase exchange rather than gluconeogenesis. When corrected for transaldolase exchange, rates of gluconeogenesis were lower (P Ͻ 0.001) and glycogenolysis higher (P Ͻ 0.001) than uncorrected rates both before and during the insulin infusion. In conclusion, assuming negligible dilution by glycerol and near-complete triose isomerase equilibration, these data provide strong experimental evidence that transaldolase exchange occurs in humans, resulting in an overestimate of gluconeogenesis and an underestimate of glycogenolysis when measured with the 2 H2O method. Use of appropriate 13 C tracers provides a means of correcting for transaldolase exchange. deuterated water method; transaldolase exchange reaction; triosephosphate isomerase; endogenous glucose production; [3- 3 H]glucose; [6,6- 2 H2]glucose THE DEUTERATED WATER METHOD is used extensively to measure gluconeogenesis in humans (1, 4, 10, 12, 16, 17, 32) . This method assumes negligible exchange of the 4,5,6-triose fragment of fructose 6-phosphate and glyceraldehyde-3-phosphate via the transaldolase exchange reaction (27) . If such exchange does occur (Fig. 1) , then glucose can be labeled with deuterium on the 5th carbon (position 5) by simple exchange with a labeled three-carbon precursor without net hexose synthesis (24) . We examined this question in nondiabetic subjects initially by infusing [3,5-2 H 2 ]glucose (9) and then subsequently by infusing [3,5- 2 H 2 ]galactose (5) . Whereas the ratio of deuterium on position 5 relative to position 3 of the infusate averaged 1.0, the ratio in either the plasma glucose or the uridyl diphosphate (UDP)-glucose pool was Ͻ1 in all subjects.
Although these experiments supported the presence of transaldolase exchange, they did not prove it since the ratio could have been decreased by loss of deuterium on the 5th carbon of glucose due to exchange with an unlabeled threecarbon precursor via the transaldolase exchange reaction, retention of deuterium on the 3rd carbon of glucose due to a kinetic isotope effect at the level of the triose phosphate isomerase reaction, or a combination of both (5, 9) . Determination if transaldolase exchange occurs in humans is important since it would result in enrichment of glucose with deuterium on position 5 following administration of deuterated water, and therefore, it would cause an overestimation of the contribution of gluconeogenesis to endogenous glucose production (Fig. 1) . Transaldolase exchange would similarly influence the glucoselabeling pattern observed with essentially all of the labeled precursor approaches that are used to measure gluconeogenesis (18 -20) .
Selective retention of tritium at the level of the triose phosphate isomerase could also influence measurement of glucose turnover using [3- 3 H]glucose, a widely used tracer in both animals and humans. If a kinetic isotope effect at level of the triose phosphate isomerase reaction caused retention of tritium (which presumably would be greater than retention of deuterium at the same position), this could result in subsequent release of H]glucose back into the systemic circulation via hepatic recycling of triose phosphate to glucose (15, 30 13 C]acetate infusion was Ͻ1.0 in all subjects both before and during the insulin infusion. Assuming negligible dilution by glycerol and nearly complete triose isomerase equilibration, these data provide strong experimental evidence that transaldolase exchange occurs in humans. This resulted in an overestimation of gluconeogenesis and an underestimation of glycogenolysis that can be corrected by concurrent measurement of the 13 C distribution in carbons 3 and 4 of plasma glucose.
RESEARCH DESIGN AND METHODS
After approval of the Mayo Institutional Review Board was given, 11 nondiabetic subjects (age 42 Ϯ 4 yr, 2 females and 9 males, body mass index 30 Ϯ 1 kg/m 2 ) gave written, informed consent to participate in the study. Subjects were in good health and at stable weights and did not engage in regular vigorous exercise, and they did not have a history of diabetes in first-degree relatives. Subjects were admitted to the clinical research unit of the Mayo Clinic Center for Translational Science Activities at ϳ1700 on the evening before the study and provided a standard supper (10 calories/kg; carbohydrate/ fat/protein ratio 55:30:15). Subjects then ingested 1.67 g of 2 H 2 O per lean body weight of water in three equally divided doses at 2200, 2400, and 0200. The subjects were permitted sips of water containing 2 H 2 O if they so desired but otherwise remained fasted.
Subjects were awakened the following morning, and catheters were placed in forearm veins for tracer infusion and sampling of arterialized venous blood, as described previously (7) . At 0600 (Ϫ180 min), infusions of [3- 3 H]glucose (12 Ci prime and 0.12 Ci/min continuous), [ ) were started and continued until the end of study at 1300. A urinary catheter was placed in the morning at 0500 for collection of urine. One gram of acetaminophen was given at ϳ0630 and repeated at ϳ0845 to enable measurement of urinary glucuronide. At time 0, somatostatin (60 ng·kg
), and human growth hormone (3 ng·kg Ϫ1 ·min Ϫ1 ) were started to ensure constant and equal portal concentrations of insulin and glucagon (7). Blood was sampled for glucose, and hormones were sampled at Ϫ30, 0, 60, 120, 180, 210, and 240 min. Samples for [ H 2 ]-glucose was started at time 0 and given in amounts sufficient to clamp glucose at 110 mg/dl to match concentrations to those commonly present in people with prediabetes who were being studied as part of a separate experiment. In addition, the basal infusions of [3- 3 H]-and [6,6-2 H 2 ]glucose were tapered beginning at time 0 in a pattern that mimicked the anticipated changes in glucose production to minimize the changes in plasma glucose enrichment and specific activity, as described previously (2, 36). Analytical methods. Plasma samples were obtained at Ϫ30, Ϫ20, Ϫ10, and 0 min and at 210-, 220-, 230-, and 240-min urine samples at 0 and 240 min. All blood samples were immediately placed on ice, centrifuged at 4°C, separated, and stored at Ϫ80°C until analyses. Plasma glucose was analyzed using a GM9 Analox glucose analyzer (Analox Instruments, London, UK). Plasma insulin, C-peptide, and glucagon concentrations, H]glucose-specific activity, and [6, H 2 ]glucose enrichment were measured as described previously (2, 31) .
For 13 C enrichment analysis of glucose and glucuronide by NMR analysis of monoacetone glucose (MAG) and monoacetoneglucuronic lactone (MAGL) derivatives, we confirmed our previously published 13 C NMR chemical shift assignments (21, 22 ) by 13 C and 1 H NMR spectroscopy of authentic compounds and derivatives formed from glucose enriched in various 13 C positions. As reported previously (21), the 13 C chemical shifts for the aliphatic MAGL carbons are arranged sequentially from carbon 1 downfield to carbon 5 upfield, with carbon 3 resonating at 81.5 ppm and carbon 4 resonating at 78.9 ppm, whereas for MAG the carbon 4 shift (80.6 ppm) is downfield of carbon 3 (74.8 ppm) (22) . 13 C longitudinal relaxation times (T 1 ) for MAG and MAGL were quantified by the inversion recovery method, using natural abundance 13 13 C signals to that of carbon 1, multiplied by the absolute carbon 1-13 C enrichment. Excess 13 C enrichments of carbons 3 and 4 were calculated as the difference between absolute enrichment and background natural abundance value of 1.11%.
For all 13 C signals measured, signal-to-noise ratios were Ͼ50:1 for MAG derived from plasma glucose and were typically 100:1 for MAGL derived from glucuronide. A signal-tonoise ratio of 50:1 represents a 2% uncertainty in the quantification of the observed natural 1.11% abundance 13 C signal. This corresponds to an absolute uncertainty of 0.02% in determining the excess 13 C enrichment level (i.e., the lower limit enrichment uncertainty would be 0.18 Ϯ 0.02%).
Because of the inability to extract sufficient quantities of glucuronide from small volumes of urine collected, urinary glucuronide enrichment could be measured in only nine of the subjects. Urinary acetaminophen glucuronide was derivatized to the MAGL for 13 C NMR analysis, as described (22) . This derivative was then reduced to MAG with lithium borohydride as described (21) H spectra of MAG and MAGL derived from plasma and urine are shown in Fig. 2 .
Calculations. All rates are expressed per lean body mass. Glucose turnover was calculated using the steady-state equations of Steele, as described previously (34, 36) . The fraction of plasma glucose derived from transaldolase exchange was Fig. 2 . Examples of 13 C (A) and 2 H NMR spectra (B) of monoacetone glucose derivative from plasma glucose. Also shown is an example of a 13 C NMR spectrum of the monoacetoneglucuronic lactone derivative from urinary glucuronide (C) and a 2 H NMR spectrum of the same sample following its reduction to monoacetone glucose (D). All spectra were obtained from the same subject before (basal) the insulin infusion. The number above each signal represents its position in the hexose molecule.
calculated as the plasma [3- 13 C]glucose-to-[4-13 C]glucose and urinary [3- 13 C]glucuronide-to-[4-13 C]glucuronide ratios. Endogenous glucose production (EGP) was calculated by subtracting the glucose infusion rate required to maintain euglycemia from total glucose appearance. Gluconeogenesis was calculated by multiplying the ratio of deuterium enrichment of positions 5 13 C]glucuronide ratios were less than one and no different baseline vs. clamp, whereas Student's one-tailed paired t-tests were used to test that insulin suppressed EGP, gluconeogenesis, and glycogenolysis. P Ͻ 0.05 was considered statistically significant.
RESULTS

Plasma glucose, insulin, C-peptide, and glucagon concentrations.
Glucose concentrations averaged 5.3 Ϯ 0.0 mmol/l before the clamp and increased (P Ͻ 0.01) to 6.0 Ϯ 0.1 mmol/l during the clamp (Fig. 3) . Insulin concentrations averaged 34 Ϯ 4 pmol/l before the clamp and increased (P Ͻ 0.001) to 110 Ϯ 6 pmol/l during the clamp. C-peptide concentrations averaged 0.8 Ϯ 0.05 nmol/l before the clamp and were suppressed (P Ͻ 0.001) to 0.07 Ϯ 0.05 nmol/l during the clamp. Glucagon concentrations did not differ either before or during the clamp (73.6 Ϯ 5.1 vs. 71.9 Ϯ 3.4 pg/ml).
EGP ) the clamp (Fig. 4) .
Plasma [3-13 C]glucose-to-[4-13 C]glucose and urinary [3-13 C]glucuronide-to-[4-
13 C]glucuronide enrichments and ratios. Excess 13 C enrichment was observed in carbons 3 and 4 of plasma glucose and urinary glucuronide (Fig. 5) . Plasma glucose excess 13 C enrichment was 0.37 Ϯ 0.05% for carbon 3 and 0.55 Ϯ 0.06% for carbon 4 before the clamp and was 0.28 Ϯ 0.06% for carbon 3 and 0.46 Ϯ 0.08% for carbon 4 during the clamp. The glucose infused during the clamp was not enriched with 13 C glucose, accounting for the decrease in plasma 13 C glucose enrichment. Urinary glucuronide enrichment was 0.18 Ϯ 0.03% for carbon 3 and 0.30 Ϯ 0.05% for carbon 4 before the clamp and increased to 0.37 Ϯ 0.06% for carbon 3 and 0.61 Ϯ 0.07% for carbon 4 during the final 30 min of the clamp. This increase over time indicates progressive equilibration between the hepatic UDP glucose pool and urinary glucuronide and that, under these mild hyperinsulinemic hyperglycemic clamp conditions, the UDP-glucose pool was not substantially diluted by infused glucose.
The plasma [3-13 C]glucose-to-[4-13 C]glucose ratio was Ͻ1.0 (P Ͻ 0.0001) in all subjects both before (0.66 Ϯ 0.04) and during (0.59 Ϯ 0.05) the clamp, consistent with extensive transaldolase exchange (Fig. 5) . The [3- 13 C]glucuronide-to-[4-13 C]glucuronide ratio, measured in nine of the 11 subjects, was also Ͻ1.0 (P Ͻ 0.0001) in all subjects both before (0.60 Ϯ 0.04) and during (0.56 Ϯ 0.06) the clamp. The [3- 13 C]glucoseto- [4- 13 C]glucose ratio before the clamp did not differ from that observed during the clamp when measured in either plasma (P ϭ 0.102) or urine (P ϭ 0.82). Rates of gluconeogenesis and glycogenolysis uncorrected and corrected for transaldolase exchange reaction. Corrected rates of gluconeogenesis were lower (P Ͻ 0.001) than uncorrected rates of gluconeogenesis both before (4.7 Ϯ 0.6 vs. 6.9 Ϯ 0.7
) and during (2.8 Ϯ 0.3 vs. 4.9 Ϯ 0.5 mol·kg Ϫ1 ·min
Ϫ1
) the clamp (Fig. 6 ). Corrected rates were lower (P Ͻ 0.05) during the clamp than before the clamp, indicating suppression of gluconeogenesis.
Corrected rates of glycogenolysis were higher (P Ͻ 0.001) than uncorrected rates of gluconeogenesis both before (9.3 Ϯ 0.6 vs. 7.1 Ϯ 0.4 mol·kg Ϫ1 ·min Ϫ1 ) and during (7.7 Ϯ 0.9 vs. 5.6 Ϯ 0.7 mol·kg Ϫ1 ·min
) the clamp. Corrected rates of glycogenolysis were lower (P Ͻ 0.05) during the clamp than before the clamp, indicating suppression of glycogenolysis.
DISCUSSION
The deuterated water method is used extensively to measure gluconeogenesis in humans (1, 4, 10, 12, 16, 17, 32) . One of the key assumptions of this method is that there is negligible transaldolase exchange (25) , since this would result in deuterium enrichment of position 5 in the absence of gluconeogenic hexose phosphate synthesis (Fig. 1) . However, the present data indicate that there is substantial transaldolase exchange in humans. Therefore, measurements of gluconeogenesis based on deuterated water or other labeled gluconeogenic precursors need to account for this exchange. The deuterated water method was pioneered by Landau et al. (27, 28) . This method has tremendous appeal based on simplicity of calculation and by the fact that knowledge of the ratio of deuterium enrichment on positions 5 and 2 of glucose or UDP-glucose obviates the need for more complicated measurements of intracellular precursor enrichment (27, 28) . However, as clearly articulated by Landau in his initial description of this method (27) , the existence of transaldolase exchange following ingestion of deuterated water will contribute to the enrichment of glucose position 5 with deuterium and therefore will result in an overestimation of gluconeogenesis.
Since Basu et al. (5) and Bock et al. (9) recognized that this was a critical assumption, we undertook a series of experiments that sought to determine whether transaldolase exchange occurred in humans. We began by infusing [3,5- 2 H 2 ]glucose that was enriched with deuterium on positions 3 and 5 of glucose at a ratio of 1.0 (9). We found that the position 5 to position 3 deuterium enrichment ratio of plasma glucose was less than one in all subjects. In subsequent experiments (5), we infused [3,5-2 H 2 ]galactose also labeled with deuterium on positions 3 and 5 at a ratio of 1.0 and measured enrichment of UDP-glucose positions 5 and 3 via the glucuronide method. Once again, the position 5 to position 3 deuterium enrichment ratio of glucuronide was less than one in all subjects. These experiments strongly suggested, but did not prove, that transaldolase exchange occurs in humans, since the position 5 to position 3 deuterium enrichment ratio also would be decreased if there was retention of position 3 deuterium due to a kinetic isotope effect at the level of the triosephosphate isomerase reaction (15, 30) .
The current experiments used a 13 C tracer to assess transaldolase exchange. Since metabolism of 13 C relative to 12 C is not subject to significant isotope effects, unequal enrichment on carbons 3 and 4 of glucose cannot be ascribed to isotopic fractionation. Theoretically, a glucose C]dihydroxyacetone phosphate via triose phosphate isomerase reaction was incomplete. We believe this to be unlikely in our experimental setting since previous human studies indicate that there is near-complete equilibration of gluconeogenic tracers into the triose halves of glucose or glucuronide via the triose phosphate isomerase reaction (15, 30) . Furthermore, incomplete triose phosphate isomerase equilibration would result in retention of the [3- 3 H]glucose label relative to that of [6,6- 2 H 2 ]glucose, causing reduced dilution of the former relative to the later and therefore lower estimates of EGP from [3- 3 H]glucose compared with [6,6-2 H 2 ]glucose. This did not happen. Rates of EGP rates measured with the two tracers were the same both before and during the clamp. However, some retention of tritium on the third carbon of glucose cannot be rigorously excluded since the intrahepatic specific activities of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate were not measured directly.
In the present experiments, the plasma [3-13 C]glucose-to-[4-13 C]glucose ratio was used to correct estimates of gluconeogenesis obtained with the deuterated water method for transaldolase exchange. Corrected glycogenolysis was then calculated by subtracting corrected gluconeogenesis from endogenous glucose production. Of note, the pattern of change for uncorrected and corrected gluconeogenesis and glycogenolysis during the clamp was the same; the small increase in insulin and glucose used in the present experiments resulted in suppression of both gluconeogenesis and glycogenolysis. However, the percentage of endogenous glucose production derived from gluconeogenesis was lower and from glycogenolysis was higher both in the basal state and during the clamp when corrected than when uncorrected.
Although the present data provide strong experimental support that transaldolase exchange occurs in humans and provide a means to correct for this exchange, they do not determine the extent to which this approach reflects actual rates of gluconeogenesis. This is a difficult question to answer since there is no criteria standard for the measurement of gluconeogenesis in humans. In an effort to validate the deuterated water method, Chandramouli et al. (11) reasoned that if the deuterated water method provides an accurate estimate of gluconeogenesis, then the fraction of endogenous glucose production attributed to gluconeogenesis should increase with fasting and ultimately approach unity when hepatic glycogen is severely depleted by an extended fast. This pattern was indeed observed (11) . However, unfortunately, this does not exclude transaldolase exchange since hepatic glucose 6-phosphate enrichment will approach that of body water and triose phosphate precursors when glycogen stores and therefore glycogenolysis approach zero.
Methods that do not rely upon assumptions regarding the pattern of precursor labeling have also been used to measure gluconeogenesis. The hepatic catheterization method enables determination of the rate of extraction of gluconeogenic precursors by the liver (13, 35) . Although maximal rate of gluconeogenesis can be calculated by assuming that all precursors are converted to glucose 6-phosphate, the actual rate is not known. In vivo 13 C magnetic resonance spectroscopy can be used to measure the rate of hepatic glycogenolysis; if rates of endogenous glucose production are also known, gluconeogenesis can be calculated by subtraction (33) . However, this method assumes negligible hepatic recycling of the 13 C glucose label and requires precise measurements of the magnitude of change in liver volume. In addition, since this method is only available in a few highly specialized research centers worldwide, it is less accessible to the research community compared with tracer methods.
Of note, although the present experiments used [1-13 C]acetate to measure transaldolase exchange, rates of exchange can also be measured using other gluconeogenic tracers. At least in theory, unequal enrichment or specific activity of the triose moieties of glucose derived from tracers such as [U-
13 C]glycerol (23) , [3- 14 C]lactate (29) , or recycled isotopomers from [U- 13 C]glucose (18) can also provide an index of the rate of transaldolase exchange. Therefore, measurement of glucose triose isotopomer ratios (for example, [1, 2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 3 ]glucose to [4, 5, [6] [7] [8] [9] [10] [11] [12] [13] C 3 ]glucose), could enable correction for transaldolase exchange without the need for an additional tracer.
The present study has several limitations. Plasma [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose-to- [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose and urinary [3- 13 C]glucuronide-to-[4-13 C]glucuronide ratios were measured before and after a 4-h infusion of a relatively low dose of insulin. Additional studies at higher insulin concentrations will be required to more fully examine whether transaldolase exchange is modulated by insulin. In theory, high rates of hepatic lypolysis combined with incomplete equilibration at the level of the triose isomerase reaction could generate sufficient unlabeled dihydroxyacetone phosphate to disproportionately decrease labeling of C3 relative to C4 (26) . However, we doubt whether this is the cause of the lower C3/C4 ratio in the current studies since equilibration of the triose isomerase reaction is nearly complete and lipolysis is not high following an overnight fast and is presumably further suppressed by infusion of insulin (3, 13, 33, 35) .
We measured transaldolase exchange only in healthy nondiabetic subjects who had normal fasting glucose concentrations. Studies in individuals with impaired fasting glucose are ongoing to determine whether the alterations in the metabolic state that occur with prediabetes influence the extent of transaldolase exchange. If so, our previous conclusion that gluconeogenesis is increased in people with prediabetes may be incorrect (8) . It is also not known whether other factors such as nutritional status, hepatic zonation (14) , or disease states such as obesity or diabetes alter the rate of transaldolase exchange. On the other hand, if the rate of transaldolase exchange remains constant under a wide variety of experimental conditions, then, although the absolute rates of gluconeogenesis determined without correcting the deuterium enrichment of glucose position 5 may be incorrect, comparisons of relative differences among groups may remain valid.
In summary, the present data indicate that infusion of [1-
13 C]acetate results in asymmetric labeling of carbons 3 and 4 of glucose in the fasting state and during an insulin infusion. Assuming negligible dilution by glycerol and nearly complete equilibration of triose isomerase, these data provide strong experimental evidence that transaldolase exchange occurs in humans at a rate that is sufficient to increase the deuterium enrichment in position 5 following administration of H 2 ]glucose rates provide equivalent estimates of endogenous glucose production, arguing against substantial hepatic recycling of the tritium label. Although the current experimental design provides a means for correcting position 5 deuterium enrichment for asymmetrical labeling of carbons 3 and 4, it is both complex and expensive. Future studies are needed to determine whether the extent of transaldolase exchange is influenced by differing experimental conditions and disease states. If not, the deuterated water method may still provide useful estimates of gluconeogenesis and glycogenolysis.
